Spherical PTFE particles are dispersed in unit volume.
Introduction
PTFE particle dispersed water repellent particulate composite material was developed for the application of snow sticking free antenna in snowy area in Japan.
1) 3)
Wetting properties of this composite material including deteriorating mode of water repellency were reported.
4) 5)
Application of this composite material to water repellent mobile phone microphone was tried. 6) 7) The application area of PTFE particle dispersed water repellent composite material has been still expanding in accordance with the improvement of this material. 8) The further improvement of the PTFE particulate dispersed water repellent composite material needs thorough understanding of the surface characterization of this material. In pursuit of the thorough understanding, wetting characteristics of different types of liquid on the PTFE particulate dispersed composite materials were studied.
The particulate composite model 9) was developed to explain the high contact angle of water on the water repellent particulate composite material. nd that of the binder is 80°. Therefore the contact angle of this PTFE particulate composite material was predicted to be between 110°and 80°.
On the contrary, the actual contact angle of the PTFE composite material is much larger than that of 100% PTFE, 150°. The existence of binder makes the contact angle lower. So the new mechanism of the high contact angle of water on the particulate composite material has been expected to explain the high contact angle of more than 150°.
The authors derived a formula that explains the high contact angle of the water repellent material taking into account the surface roughness, surface heterogeneity together with existence of air between water and the surface of the water repellent material. The aim of this study is to confirm the validity of the derived formula by measuring the contact angle of three different liquids each of which has different composition of dispersion, polar and hydrogen bonding components of surface free energy.
Theory for contact angle
The water repellent material is the composite material with small molecular weight PTFE particles dispersed in PVdF binder as shown in Fig. 1 The particulate composite model derived to explain the high contact angle of water on the water repellent particulate composite materials was applied for the contact angle of other types of liquid such as methylene iodide and α − bromonaphthalene on the particulate composite materials. By substituting the experimental data of contact angle of water, methyleneiodide and α − bromonaphtalene to the formula of this model, following results were obtained. For water case, the more the PTFE volume fraction, the more area of PTFE surface is covered by air and that 100% of binder surface can be covered by water. For methylene iodide case, both PTFE and binder are covered thoroughly by methylene iodide for all the PTFE volume fraction. For α − bromonaphtalene case, the more the PTFE volume fraction, the more area of PTFE surface is covered by air and that 100% of binder surface can be covered by α − bromonaphtalene. By assuming that binder is covered by each of liquid, the contact angle of three different types of liquid on the PTFE particulate composites material can be skeptically expressed using the parameters of PTFE volume fraction and liquid coverage of PTFE.
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The structure of this material is expressed by the following particulate composite model. 9) (1) PTFE particle is sphere.
(2) Number of PTFE particles per unit volume is N3.
(3) The distribution of PTFE particle radius R3 is expressed by a function F3 (R3), which satisfies the following relation.
(
On this basis, the volume fraction of PTFE particles, f3, is obtained as follows.
When the particulate composite material is cut by a plane, circles emerge on the plane. Geometry of a dispersed particle is schematically shown in Fig. 2 . 9) Here, R2 is radius of a circle on the plane.
The area fraction of PTFE circles on the section plane, f2, is obtained as follows.
Among particles which are sectioned by a plane, the number of particles with radius between R3 and R3 + dR3 is Number of circles per unit section plane, N2, is obtained by integrating the above equation.
Getting the probability that the circle radius R2 exists between R2 and R2 + dR2, the product of this probability and N2 shows the number of spherical particles with radius between R3 and R3 + dR3. The area fraction f2 is obtained by integrating the product of this number and
In the same manner, the spherical segment area fs of the dispersed particles is obtained assuming particles are from fully berried position, partly berried position up to on a plane position.
As the areal fraction of PTFE is f2, the areal fraction of binder is (1−f2) = (1−f3).
In case the spherical segment area is taken into account, the binder area is (1−f3), and the spherical segment area of PTFE is fs = 3f3. The ratio of the binder area to the spherical segment area of PTFE is
Therefore, the areal fraction of PTFE is
The area fraction of binder is
It should be noted that this relation is independent of the type of particle distribution function.
To explain the wetting characteristics of the water repellent material, the model of the particular composite materials was mathematically formulated on the basis of Wentzel's equation for rough surface 10) and Cassie's equation for heterogeneous surface 11) The details of the theory were described elsewhere. 9) The wetting characteristics of material were firstly described by the contact angle of water by Young. 12) In the hydrophobic material, the existence of surface roughness makes the contact angle larger. 10), 13) The ultimate rough surface is fractal surface.
14) The contact angle of 174 degree was observed on the fractal surface. 15) Bico et al 16) reported the wetting of textured surface. They discussed quantitatively the wetting of a solid textured by a designed roughness. Both the hydrophobic and the hydrophilic case were described. From the application view point, both hydrophobic property and sticking property are needed. 1) 4) This is the reason why hydrophobic PTFE particles are dispersed in the binder that sticks to the substrate in this study.
The contact angle of a particulate composite material is shown below. The surface free energy of liquids is shown in Table 1 17)
.
Results

1 Contact angle of water
Contact angle of three different liquids is shown in Fig. 3 .
The contact angle of water increases with increasing PTFE volume fraction. At 90% PTFE, the contact angle of the water repellent material reaches much higher value than that of 100% PTFE of 110°. Therefore, this high contact angle cannot be explained by the existence of hydrophobic PTFE only.
The formula (6) in the former section contains the parameters of fpw and fbw to explain the high contact angle.
By substituting experimental value of the contact angle of water, 110°for θp and 81.5°for θb, corresponding experimentally observed contact angle for θas, the relation of unknown parameters fpw and fbw is obtained as following. For the low PTFE volume fraction samples that contain 20% or 40% PTFE, fpw and fbw were found to be 1. This means that for these samples, surface of both binder and PTFE particle is perfectly covered by water. For 60% PTFE contained sample, fpw is between 0.59 and 0.19 and fbw is between 1 and 0. For 80% PTFE contained sample, fpw is between 0.22 and 0.07 and fbw is between 1 and 0. the increase of the PTFE volume fraction while the surface of binder can be covered by water completely. In Fig. 4 , the gradient of fbw−fpw lines decreases with increasing PTFE volume fraction. In other words, the area of PTFE covered by air increases with the increase of the PTFE volume fraction.
2 Contact angle of methylene iodide
As shown in Fig. 3 , the contact angle of methylene iodide increases with increasing PTFE volume fraction.
In the case of methylene iodide, the formula (6) 
3 Contact angle of α − bromonaphtalene
The contact angle of α − bromonaphtalene increases with increasing PTFE volume fraction as shown in Fig. 3 .
In the case of α − bromonaphtalene, the formula (6) For the low PTFE volume fraction samples that contain 20% or 40% PTFE, fpα and fbα were found to be 1. This means that for these samples, surface of both binder and PTFE particle is perfectly covered by α − bromonaphtalene. For 60% PTFE contained sample, fpα is between 1 and 0.85 and fbα is between 1 and 0. For 80% PTFE contained sample, fpα is between 0.79 and 0.69 and fbα is between 1 and 0. These results show the area of PTFE surface covered by α − bromonaphtalene decreases with the increase of the PTFE volume fraction while the surface of binder can be covered by α − bromonaphtalene completely.
In Fig. 6 , the gradient of fbα− fpα line decreases with increasing PTFE volume fraction. In other words, the area of PTFE covered by air increases with the increase of the PTFE volume fraction.
Discussion
The formula (6) that expresses the contact angle θ as of a particulate composite material, is function of fp, fpw and fbw. As shown in previous section, the relation between fpw and fbw can be obtained by substituting the experimental data for θ as in formula (6) . As PTFE is hydrophobic and binder is hydrophilic, the relation fpw < fbw exists.
It is plausible to assume fbw = 1.
Then θ as is a function of fp and fpw in formula (6) . which are explained in the following sections. When PTFE volume fraction is small, the experimental value of θ as goes forward the edge of θ as−fpw−fbw surface and then climbs up this surface to reach the high θ as value as PTFE volume fraction increases.
1 Contact angle of water
2 Contact angle of methylene iodide
In energy on the PTFE particulate composites, was measured to examine the validity of the derived formula (6) that expresses the contact angle of liquid on the PTFE particulate composites material.
By substituting the experimental data of contact angle of water, methylene iodide and α − bromonaphtalene to the formula, the relations of fpw and fbw for water, f pm and fbm for methylene iodide, fpα and fbα for α − bromonaphtalene, which show the coverage of PTFE by liquid and that of binder by liquid respectively, were obtained.
From these relations, results for water, methylene iodide and α − bromonaphtalene were obtained as follows.
The area of PTFE surface covered by water decreases with the increase of the PTFE volume fraction while the surface of binder can be covered by water completely.
Both PTFE and binder are covered thoroughly by methylene iodide for all the PTFE volume fraction.
The area of PTFE surface covered by α − bromonaphtalene decreases with the increase of the PTFE volume fraction while the surface of binder can be covered by α − bromonaphtalene completely.
By assuming fbw = 1, which is plausible because fpw < fbw, the relations of θ as− fp− (fpw, f pm, fpα) can be skeptically expressed. The contact angle of three different types of liquid on the PTFE particulate composites material, was explained by the derived formula (6) 
